INTRODUCTION {#s1}
============

Tuberous Sclerosis Complex (TSC) is an autosomal dominant tumour suppressor gene syndrome with an incidence of 1 in 6000--10 000 births. TSC is characterized by the development of benign growths, called hamartomas, in the kidneys, heart, brain and skin, and patients present clinically with a variety of developmental disorders ([@DDN098C1]). TSC is caused by mutations affecting either of the tumour suppressor genes *TSC1* or *TSC2. TSC1* on chromosome 9q34 encodes hamartin ([@DDN098C2]) and *TSC2* on chromosome 16p13.3 encodes tuberin ([@DDN098C3]). Approximately half of large TSC families show linkage to 9q34 and half to 16p13.3 ([@DDN098C4]--[@DDN098C6]). Tumour development in TSC patients is thought to occur as the result of a somatic 'second-hit' in either *TSC1* or *TSC2*, according to Knudson's tumour suppressor model ([@DDN098C7]). Loss of heterozygosity (LOH) of *TSC1* or *TSC2* has been reported in some TSC hamartomas, such as renal angiomyolipomas. However, loss of the wild-type allele in brain lesions is rare, suggesting the possibility of tissue-specific haploinsufficiency of TSC genes ([@DDN098C8]--[@DDN098C10]).

Co-localization and co-immunoprecipitation of TSC1 and TSC2 in mammalian cells ([@DDN098C11],[@DDN098C12]) and direct binding in yeast two-hybrid assays provide a tentative explanation for the similar disease phenotype in TSC patients with mutations in either *TSC1* or *TSC2* genes ([@DDN098C2],[@DDN098C13]). Functionally, the TSC1/TSC2 complex is positioned at the centre of multiple growth signalling pathways and is a key integrator of signals controlling protein translation and cell growth ([@DDN098C14]). Activation of the TSC1/TSC2 complex in growth-limiting conditions attenuates signalling through mTOR via specific GTPase activating protein (GAP) activity of TSC2 towards RHEB ([@DDN098C15],[@DDN098C16]).

While epithelial malignancy is not a common feature of TSC, studies in this laboratory and others have implicated loss of function of *TSC1* in bladder tumorigenesis ([@DDN098C17]--[@DDN098C19]). Loss of heterozygosity (LOH) for markers on chromosome 9 is observed in more than 50% of bladder tumours of all grades and stages ([@DDN098C20]) and sub-chromosomal LOH analyses have identified the *TSC1* locus at 9q34 as a common critical region of deletion between markers *D9S149* and *D9S66* ([@DDN098C19],[@DDN098C21]--[@DDN098C23]). To date, we have screened 154 bladder tumours by fluorescent single strand conformation polymorphism (F-SSCP) analysis and direct sequencing, and found an overall mutation frequency of 14.5%. The mutation spectrum comprises nonsense (35%), missense (26%), frameshift (26%), in-frame deletions (3%) and splicing (10%) mutations ([@DDN098C24]) (Platt *et al*., in preparation). In all cases but one, *TSC1* missense mutations were tumour-specific somatic events. *TSC1* is the only gene on 9q that has been found to be mutated in bladder tumours, and may therefore be the critical gene on this chromosome arm implicated in \>50% of all bladder tumours.

Missense mutations of *TSC1* have not routinely been confirmed as functionally inactivating in TSC disease, though two recent reports provide evidence that in a few cases these are likely to be disease-causing ([@DDN098C25],[@DDN098C26]). Here we sought to determine whether the *TSC1* missense mutations identified in bladder tumours constituted inactivating mutations. We anticipated that discrete amino acid changes of mutant proteins might allow the identification of functionally important residues. Wild-type and mutant *TSC1* constructs were retrovirally delivered into TSC1-null bladder tumour cell lines and functionally characterized. All somatic *TSC1* missense mutations perturbed TSC1 function by causing aberrant splicing, protein instability or protein mislocalization. Defects were confirmed in primary tumours by RT--PCR analysis of mutant transcripts and immunohistochemical analysis.

RESULTS {#s2}
=======

Missense mutations of *TSC1* identified in bladder tumours {#s2a}
----------------------------------------------------------

Previously, we identified 8 mutations including 2 missense mutations in a series of 62 bladder tumours ([@DDN098C24]). Screening of an additional 92 tumours (Platt *et al*., in preparation) identified an additional 15 mutations of which 4 were missense mutations. In total, therefore, 6 missense mutations have been identified in 154 tumours, representing 26% of all mutations found (Table [1](#DDN098TB1){ref-type="table"}). Mutations were determined as tumour-specific by genotyping of paired tumour and blood samples. 1250C\>T (Thr417Ile) was previously described in the germline in TSC disease in Japanese patients, but was not confirmed as causative of TSC ([@DDN098C27],[@DDN098C28]). 1250C\>T was also identified in our laboratory in the patient's constitutional DNA, and the tumour sample retained heterozygosity for microsatellite markers at the *TSC1* gene locus ([@DDN098C24]). Threonine 417 was previously identified as a site of CDK1-dependent phosphorylation ([@DDN098C29]). To determine the biological significance of this variant, 1250C\>T (Thr417Ile) was characterized here alongside tumour-specific missense mutations. Five of six other tumours with *TSC1* missense mutations showed LOH for markers at the *TSC1* locus (Table [1](#DDN098TB1){ref-type="table"}). There was no relationship between mutation and tumour stage or grade. Missense mutations were predominantly N-terminal but did not localize to a common functional domain (Fig. [1](#DDN098F1){ref-type="fig"}).

![Positions of amino acid substitutions in relation to described functional domains of hamartin.](ddn09801){#DDN098F1}

###### 

*TSC1* missense variants identified in bladder tumours

  Mutation      Exon   Amino-acid change   BLOSUM62 score   Tumour stage/grade   Tumour 9q LOH status
  ------------- ------ ------------------- ---------------- -------------------- ----------------------
  104C\>G       3      Ser35Cys            −1               T~1~ G3              Loss
  203A\>G       4      His68Arg            0                T~2~ G2              Loss
  314A\>G       5      His105Arg           0                T~a~ G2              Loss
  473T\>G       6      Phe158Cys           −2               T~a~ G1              Loss
  616C\>G       7      His206Asp           −1               T~a~ G1              Loss
  648T\>A       7      Phe216Ala           −2               T~a~ G2              Retention
  1250C\>T^a^   12     Thr417lle           −1               T~2~ G3              Retention

^a^This variant was also found in the patient's normal DNA.

To assess possible functional implications of amino acid substitutions, conservation of missense mutant residues was determined in TSC1 orthologs. His68, Phe158 and Phe216 were conserved among *Rattus, Mus, Drosophila, Fugu* and *Gallus* orthologs. His105, His206 and Thr417 differed only in *Drosophila*, which shares 31% identity with human TSC1. Ser35 differed in *Drosophila, Fugu* and *Gallus* orthologs. According to the BLOSUM62 scoring matrix ([@DDN098C30]), His68Arg and His105Arg substitutions are considered conservative. Ser35Cys, His206Asp and Thr417Ile are less conservative and Phe158Cys and Phe216Asp are least conservative (Table [1](#DDN098TB1){ref-type="table"}).

Re-expression of missense mutant TSC1 proteins in TSC1-null urothelial cells {#s2b}
----------------------------------------------------------------------------

We anticipated that missense mutations might lead to loss of function at the amino acid level. Thus, our initial approach was to express wild-type and missense mutant *TSC1* cDNAs in TSC1-null bladder cell lines and investigate function of the mutant proteins. Missense mutant proteins were C-terminally FLAG- or GFP-tagged, expressed in 97-1 and HCV29 cells and characterized for TSC2 binding activity, and mTOR suppressive activity in nutrient-starved conditions.

Expression of mutant proteins was investigated by immunoblotting following retroviral transduction and selection of neomycin resistant mass cell populations. Expression levels of mutant proteins were markedly different; Ser35Cys, His105Arg, Phe216Asp and Thr417Ile were expressed at high levels similar to wild-type protein, whereas His68Arg and Phe158Cys were much reduced and His206Asp was not detected (Fig. [2](#DDN098F2){ref-type="fig"}A). Repeated independent infections of these two cell lines and of telomerase-immortalized normal human urothelial cells (TERT-NHUC) and assessment of mass populations of cells following selection resulted in entirely reproducible expression levels of all mutant proteins (data not shown). The transcription of missense RNA was confirmed by real time RT--PCR and uniform levels of wild-type and missense transcripts were detected (Fig. [2](#DDN098F2){ref-type="fig"}B). The consistently reduced or absent protein expression of His68Arg and Phe158Cys and His206Asp missense mutant forms despite the presence of RNA expression suggested possible effects of these missense changes on protein stability.

![(**A**) Immunoblot showing levels of wild-type and mutant TSC1-FLAG proteins and endogenous TSC2 in 97-1 cell lines. (**B**) Measurement of TSC1 RNA levels by real time RT--PCR analysis of wild-type and mutant TSC1-FLAG mRNA transcript levels in 97-1 cell lines. RT−ve is reverse transcriptase-negative control, NTC is no template control. TSC1 expression is standardized to SDHA and normalized to the 97-1 Neo cell line.](ddn09802){#DDN098F2}

Mutant TSC1 proteins retain interaction with TSC2 {#s2c}
-------------------------------------------------

The interaction between TSC1 and TSC2 appears to be important in maintaining the stability of each of the proteins. TSC1/TSC2 binding specifically augments TSC2 expression by limiting its ubiquitination ([@DDN098C31],[@DDN098C32]). TSC2 GAP activity towards RHEB defines TSC1/2 mediated control of mTOR signalling, and phosphorylation of downstream effectors of mTOR is constitutive and refractory to amino acid withdrawal in cells lacking TSC1 or TSC2 ([@DDN098C33]--[@DDN098C35]). Where expressed, missense mutant TSC1 proteins stabilized TSC2 levels in 97-1 cells (Fig. [2](#DDN098F2){ref-type="fig"}A) and co-immunoprecipitated with it (Fig. [3](#DDN098F3){ref-type="fig"}A). However, our data cannot exclude minor effects on interaction or TSC2 stability.

![(**A**) Immunoblot showing TSC1 and TSC2 in 97-1 Neo control and FLAG-tagged wild-type and mutant TSC1 cell line lysates immunoprecipitated with anti-TSC1 and non-specific mouse IgM antibodies. (**B**) Immunoblot showing expression levels of GFP-tagged wild-type and missense mutant TSC1 protein in HCV29 cell lines. Also shown are levels of S6 phosphorylation in transiently amino acid starved cells.](ddn09803){#DDN098F3}

While His206Asp-FLAG was undetected in transduced 97-1 cells, we were able to achieve low-level expression of His206Asp-GFP in HCV29 cells, suggesting some stabilizing effect of the GFP tag. TSC2 co-immunoprecipitation and S6 phosphorylation assays were not accurately quantitative, but expression of all missense mutant proteins in TSC1-null cells reduced S6 phosphorylation in amino acid starved conditions, relative to vector alone (Fig. [3](#DDN098F3){ref-type="fig"}B), indicating that none of these mutant forms of TSC1 abolish interaction with TSC2.

Aberrant RNA splicing caused by TSC1 missense mutations {#s2d}
-------------------------------------------------------

High-level expression and TSC2 binding activity of TSC1 Ser35Cys, His105Arg and Phe216Ala proteins suggested no functional effect of amino acid substitutions caused by 104C\>G, 314A\>G and 648T\>A missense mutations. However, the expression of proteins from exogenous missense cDNAs did not allow the assessment of possible effects of mutations at the pre-mRNA level. We speculated that *TSC1* missense mutations may cause loss of function through introduction of splicing errors in mutant transcripts *in vivo*. Therefore, wild-type and missense mutant *TSC1* pre-mRNA sequences were screened for effects of mutations on splice site definition using the neural network algorithm (<http://www.fruitfly.org/seq_tools/splice.html>).

Interestingly, significant differences were seen between splice site scores of wild-type and 104C\>G and 314A\>G *TSC1* transcripts. The 104C\>G mutation, positioned 3 bp upstream of the *TSC1* exon 3/4 junction, resulted in a reduced exon 3/4 splice motif score. The 314A\>G mutation resulted in the introduction of a high-scoring 5′ donor splice site, immediately upstream of the A/G transversion, by generation of a novel consensus splice motif. No differences in splice site scores were observed between wild-type and 648T\>A or 1250C\>T transcripts or between wild-type and mutant transcripts that generated low exogenous protein expression.

To examine splicing of missense mutant *TSC1* transcripts, fragments spanning the mutation site and flanking intron/exon junctions were amplified from respective tumour cDNAs by RT--PCR and sequenced. An RT--PCR product reproducibly amplified from cDNA of the tumour containing 104C\>G showed increased electrophoretic mobility relative to a control fragment amplified from TERT-NHUC cDNA (Fig. [4](#DDN098F4){ref-type="fig"}A). Sequencing of the tumour product revealed use of a cryptic 5′ donor site in exon 4, the adjacent downstream exon to the 104C\>G mutant exon ([Supplementary Material, Fig. S1](http://hmg.oxfordjournals.org/cgi/content/full/ddn098/DC1)). The reduced splice motif score at the exon 3/4 junction was shown to have no effect on exon 3/4 splicing. If translated, this 104C\>G mutant transcript would generate 26 new amino acids from an alternate reading frame and truncate prematurely at residue 79.

![Semi quantitative RT--PCR analysis of TSC1 RNA in normal urothelial cells and *TSC1* mutant tumour samples, showing increased electrophoretic mobility of RT--PCR products amplified from cDNA from tumours containing *TSC1* 104C\>G (**A**) and 314A\>G (**B**) missense mutations. Controls are amplification reactions using RT +ve (+) and RT−ve (−) cDNA from pooled TERT-NHUC. Lower panels show HPRT RT--PCR products. Also shown are schematic representations of aberrant splicing events associated with *TSC1* 104C\>G (A) and *TSC1* 314A\>G (B) mutations.](ddn09804){#DDN098F4}

A faster migrating band was also reproducibly amplified from cDNA of the tumour containing 314A\>G (Fig. [4](#DDN098F4){ref-type="fig"}B), compared to control TERT-NHUC cDNA. Sequence analysis of PCR products revealed a 50-nucleotide deletion in the transcript generated from the missense allele. The 314A\>G mutation created a *de novo* 5′ donor splice site immediately upstream of 314A\>G and resulted in the splicing of 50 nucleotides from the 3′ end of exon 5. The effect seen at the mRNA level was entirely consistent with the prediction made by *in silico* analysis. If translated, the 314A\>G mutant transcript is expected to generate two new C-terminal amino acids and truncate prematurely at residue 107.

Exon skipping through introduction of a *de novo* 5′ splice site by point mutation is a relatively well-described mechanism of aberrant pre-mRNA splicing ([@DDN098C36]--[@DDN098C38]). No normal transcript was amplified from cDNA from tumours containing *TSC1* 104C\>G or 314A\>G mutations, suggesting that all splicing occurs via the novel sites. The abundance of missense transcripts appeared lower than normal transcript by semi-quantitative RT--PCR, when standardized to HPRT. However, by real time RT--PCR, *TSC1* transcript abundance was relatively higher in tumours with *TSC1* missense mutations causing transcript splicing or protein stability defects, than in uncultured or cultured TERT-NHUC, when standardized to SDHA (data not shown).

Missense mutant TSC1 proteins exhibit reduced protein stability {#s2e}
---------------------------------------------------------------

The demonstration of consistently low-level exogenous protein expression, despite uniform mRNA transcript abundance, suggested diminished stability of TSC1 His68Arg, Phe158Cys and His206Asp mutant proteins. By inhibiting protein synthesis with cycloheximide, we determined that His68Arg, Phe158Cys and His206Asp mutant proteins were turned-over relatively faster than wild-type TSC1, in a proteasome-dependent manner (Fig. [5](#DDN098F5){ref-type="fig"} A and B and data not shown). Moreover, by ^35^S labelling, we were able to show that His68Arg, Phe158Cys and His206Asp proteins had markedly shorter half-lives than wild-type TSC1 (Fig. [5](#DDN098F5){ref-type="fig"}C).

![(**A**) Immunoblot showing turnover of wild-type and S35C and H68R missense TSC1 proteins in cycloheximide (CHX)-treated cells. Cells were cultured in full growth medium supplemented with 100 µg/ml CHX or DMSO vehicle alone, and lysed at time-points indicated. Tubulin is shown as a loading control. (**B**) Immunoblot showing stabilization of TSC1 H68R protein levels by proteasome inhibition. Cells were cultured in full growth medium and treated with 100 µg/ml CHX or DMSO vehicle alone or pre-treated with 40 µM MG-132. (**C**) Half-lives of wild-type TSC1 and His68Arg, Phe158Cys and His206Asp mutant proteins, as determined by ^35^S pulse chase analysis. Cells were pulsed with 250 µCi ^35^S in cysteine and methionine-free medium and chased in full growth medium supplemented with 200 nM cysteine and methionine. Cells were lysed at time-points as indicated and lysates immunoprecipitated with an anti-TSC1 antibody. Degradation of ^35^S-labelled TSC1 was determined of immunoprecipitated lysates by SDS--PAGE analysis and autoradiography.](ddn09805){#DDN098F5}

Phe216Ala TSC1 protein shows altered localization {#s2f}
-------------------------------------------------

Previous studies have described a granular, cytoplasmic localization of endogenous TSC1 *in vitro* and *in vivo* and also of overexpressed TSC1 in COS-7 cells ([@DDN098C39]--[@DDN098C41]). Localization of monomeric TSC1 and of TSC1 complexed with TSC2 is likely influenced by culture conditions given that components of the Akt-mTOR signalling cascade are membrane localized when activated. In addition, TSC2 is reported to shuttle into the nucleus in a cell cycle and phosphorylation-dependent manner ([@DDN098C42]--[@DDN098C44]).

It was anticipated that the characterization of discrete missense amino acid changes may offer insight into potentially mTOR-independent or bladder-specific functions of TSC1. Our results indicated that *TSC1* 104C\>G, 203A\>G, 314A\>G, 473T\>G and 616C\>G missense mutations cause loss of function by generic mechanisms of altered message or reduced protein stability. However, sequencing of RT--PCR products amplified from cDNA from the tumour containing the *TSC1* 648T\>A mutation showed no altered splicing of the mutant transcript. Also, at the protein level, Phe216Ala was expressed at high levels similar to wild-type TSC1. The substitution of a phenylalanine residue for an alanine residue constitutes the loss of a high-molecular weight, hydrophobic benzyl group and is assigned a non-conservative --2 BLOSUM62 score. The lack of effect on splicing or protein stability raised the possibility that this mutation may cause a defect in TSC1 protein function *per se*.

We determined the localization of GFP-tagged mutant proteins in nutrient replete and deficient conditions. Wild-type, Phe216Ala, Ser35Cys, His68Arg and Thr417Ile proteins were compared. In complete growth medium, wild-type TSC1 and Ser35Cys, His68Arg and Thr417Ile mutant proteins showed diffuse punctate cytoplasmic distribution with distinct cytoplasmic foci. In amino acid deficient medium, these proteins became localized almost exclusively to large cytoplasmic bodies. Intriguingly, the Phe216Ala substitution markedly altered the localization of TSC1; Phe216Ala was exclusively cytoplasmic and diffuse in full growth medium and did not redistribute to discrete bodies in amino acid deficient conditions (Fig. [6](#DDN098F6){ref-type="fig"}). However, it was shown to stabilize and to co-immunoprecipitate with endogenous TSC2, and to attenuate growth signalling through mTOR in starved conditions (Fig. [3](#DDN098F3){ref-type="fig"}B). These observations were reproduced in TSC1-transduced 97-1 and HCV29 cell lines and TERT-NHUC and suggest that localization of TSC1 to cytoplasmic foci is not a requirement for TSC2 binding or negative regulation of mTOR. Also, defective localization of Phe216Ala is likely TSC2- and mTOR-independent, possibly suggesting an independent function of TSC1 at cytoplasmic foci.

![Localization of wild-type TSC1 (**A**) and TSC1 Ser35Cys (**B**), Phe216Ala (**C**) and Thr417Ile (**D**) mutant proteins in amino acid-starved 97-1 cells. Cells were cultured in full growth medium on highly optically clear microscopy dishes to sub-confluence and amino acid starved for 24 h. TSC1-GFP was observed by UV microscopy of live cells. Scale bars show 100 µM.](ddn09806){#DDN098F6}

Unlike the other five tumours with missense mutations, the tumour containing the *TSC1* 648T\>A mutation did not show LOH of 9q, as confirmed by analysis of pure microdissected tumour cell populations (data not shown). Both normal and mutant alleles were detected by sequencing of tumour cDNA.

TSC1 protein expression in bladder tumour tissues {#s2g}
-------------------------------------------------

To examine the effects of pre-mRNA splicing defects and protein stability defects caused by missense mutations at the tumour level, *TSC1* mutant and wild-type tumours were screened for expression of TSC1 protein by immunohistochemistry. Sensitivity and specificity of a rabbit monoclonal anti-TSC1 antibody was confirmed by staining of paraffin-embedded pellets of TSC1-null HCV29 cells and HCV29 in which wild-type TSC1 had been re-expressed (Fig. [7](#DDN098F7){ref-type="fig"}A and D). Normal ureter showed strong cytoplasmic TSC1 expression in the urothelium (Fig. [7](#DDN098F7){ref-type="fig"}E). Tumours with wild-type *TSC1* showed strong cytoplasmic staining (Fig. [7](#DDN098F7){ref-type="fig"}F), and a tumour with a *TSC1* 73--77Δ 5 small deletion causing premature truncation at residue 27, showed no TSC1 expression (Fig. [7](#DDN098F7){ref-type="fig"}C). Both tumours with homozygous *TSC1* missense mutations causing pre-mRNA splicing defects were negative for TSC1 expression (Fig. [7](#DDN098F7){ref-type="fig"}G and H). Figure [7](#DDN098F7){ref-type="fig"}H shows normal urothelium with strong TSC1 staining adjacent to immunonegative *TSC1* 314A\>G mutant tumour cells. The 648T\>A (Phe216Ala) mutant tumour showed moderate TSC1 expression consistent with normal stability of the Phe216Ala protein and retention of chromosome 9q heterozygosity in the tumour (Fig. [7](#DDN098F7){ref-type="fig"}I). Of the three missense mutations causing reduced protein stability (*TSC1* 203A\>G, 473T\>G and 616C\>G), tumour material was available only for the 616C\>G (His206Asp) mutant sample. The 616C\>G mutation was identified from tumour material resected in 2003, and TSC1 expression was shown to be low in three tumour resections from this patient in successive years (Fig. [7](#DDN098F7){ref-type="fig"}J--L).

![TSC1 immunostaining of HCV29 Neo (**A**) and TSC1 (**D**) cell pellets, normal ureter (negative (**B**) and positive (**E**) antibody controls) and *TSC1* 73--77Δ 5 (**C**) and *TSC1* wild-type (**F**) bladder tumours. TSC1 staining of *TSC1* missense mutant bladder tumours; *TSC1* 104C\>G (**G**), 314A\>G (**H**), 648T\>A (**I**) and 616C\>G (**J**--**L**) mutant tumours. Arrow in (H) shows normal urothelium with strong TSC1 staining adjacent to immunonegative tumour cells. (J) to (L) show TSC1 staining in tumours resected from the same patient in 2001 (J), 2003 (K) and 2004 (L). Arrows in (K) show positive TSC1 immunoreactivity in von Brunn's nests. Scale bars show 500 µM.](ddn09807){#DDN098F7}

DISCUSSION {#s3}
==========

We have demonstrated that bladder tumour-derived *TSC1* missense mutations result in loss of TSC1 function and that this occurs via distinct mechanisms. An overall *TSC1* mutation frequency of ∼14.5% is found in bladder cancer ([@DDN098C24]) (Platt *et al*., in preparation) and missense mutations comprise 26% of mutations found to date. The identification of deleterious missense mutations in bladder tumours indicates a causative role of loss of TSC1 function via this mechanism in bladder tumorigenesis. The vast majority of *TSC1* mutations in TSC disease are predicted to be protein truncating in nature, and no significant genotype/phenotype correlations have been observed ([@DDN098C2],[@DDN098C5],[@DDN098C45]--[@DDN098C48]). Non-chain terminating *TSC1* mutations (missense or in-frame deletions) are rare in TSC disease ([@DDN098C27],[@DDN098C47],[@DDN098C49],[@DDN098C50]) ([www.LOVD.nl/TSC1](www.LOVD.nl/TSC1)). Although missense mutations have been reported previously, most have not been confirmed as disease-causing. Several have been revealed as rare polymorphisms or associated with other nonsense mutations in the same patient ([@DDN098C46],[@DDN098C50]). Others have been disregarded as potentially disease-causing on the basis of conservative amino acid changes, or have not been characterized further ([@DDN098C27],[@DDN098C51]). However, a recent publication by Jansen *et al*. ([@DDN098C26]) that identified three missense mutations (L916R, M224R and E412V) in affected individuals reported functional analyses on two of these. It was reported that E412V affected RNA splicing. Interestingly, in transfections of constructs of wild-type TSC1 and the M224R variant, the latter showed lower levels of protein expression that were unable to completely suppress S6 phosphorylation, results similar to those described here for missense variants with reduced protein half-life.

We have shown that two of six bladder tumour-derived missense mutations result in pre-mRNA splicing defects, three lead to reduced stability of mutant proteins and intriguingly, one mutation causes a TSC2- and mTOR-independent localization defect of the mutant protein. Wild-type TSC1 showed a granular cytoplasmic distribution in cells in full growth medium and became localized almost exclusively to large cytoplasmic bodies in amino acid starved cells. In contrast, TSC1 was cytoplasmic and diffuse in serum-starved cells. Preliminary results indicated that TSC1 bodies were dynamic, non-aggresomal structures (data not shown). Interestingly, the Phe216Ala substitution abolished the localization of TSC1 to these bodies. As expected from its position outside the recognized TSC2 binding domain, TSC1 Phe216Ala retained TSC2 binding activity and mTOR suppressive activity in amino acid starved conditions, suggesting that localization of TSC1 to cytoplasmic foci was not a requirement for TSC2 binding or for suppression of mTOR signalling. This may also suggest that TSC1 has a separable function at cytoplasmic foci that is independent of TSC2 and independent of negative regulation of mTOR by TSC1/TSC2. However, it is not clear whether the formation of intensely staining bodies in conditions of over-expression of TSC1 and/or TSC2 ([@DDN098C39],[@DDN098C52]) is relevant to the normal physiological condition. Further investigation of the function of Phe216Ala is now required, ideally at levels of expression that are closer to normal and in both TSC1-null cells and those expressing endogenous wild-type TSC1.

Although the missense variant 1250C\>T (T417I) was found in the patient's germline and this patient showed no symptoms of TSC, we included this variant in our analyses as threonine 417 has previously been identified as a site of CDK1-dependent phosphorylation ([@DDN098C29]). We found no evidence for a functional defect and conclude that this represents a rare polymorphism. As this patient was Japanese, as were both TSC patients in whom this variant was reported previously ([@DDN098C27],[@DDN098C28]), this rare variant may be confined to the Japanese population.

Evidence suggests that *cis*-acting mutations affecting splicing of some tumour suppressor genes can have causal roles in tumour initiation and progression ([@DDN098C53]). Predicted and confirmed effects of TSC-related and bladder tumour-derived *TSC1* missense changes on pre-mRNA splicing reported here underscore the importance of using RNA-based techniques, together with conventional mutation detection methods, to effectively identify disease-causing mutations. One of the mutations that deleteriously affected splicing (104C\>G) had an unexpected effect. The use of a cryptic 5′ donor site in an adjacent downstream exon is a non-conventional splicing event; disease-associated mutations at splice junctions typically result in skipping of the mutant exon ([@DDN098C38],[@DDN098C54],[@DDN098C55]). The 104C\>G mutation was shown to reduce the exon 3 5′ splice site motif score and to disrupt an enhancer sequence spanning exon 3/4. 104C\>G also disrupts a U1 snRNA-binding motif, spanning the 5′ splice site from position --3 to +8 ([Supplementary Material, Fig. S1](http://hmg.oxfordjournals.org/cgi/content/full/ddn098/DC1)). In combination with a normally low-scoring exon 4 3′ acceptor site, these factors may result in reduced splicing efficiency of introns 3--4. Spliceosome assembly is directed by juxtaposed splicing elements, and were introns 4--5 to splice first, splicing machinery at the 3′ acceptor site of exon 4 may stimulate recruitment of U1 snRNA to possible binding sites in exon 4, and result in use of a cryptic 5′ donor site.

In bladder tumours as in TSC disease, nonsense, deletion and frameshift *TSC1* mutations result in premature protein truncation and loss of protein function. We have now shown that missense mutations cause loss of function by aberrant splicing or reduced protein stability. The identification of tumour-specific *TSC1* mutations in the context of chromosome 9 LOH argues strongly for a direct role of loss of TSC1 function in the aetiology of these tumours. These data are consistent with *TSC1* acting as a tumour suppressor gene in bladder cancer in accordance with Knudsen's two-hit hypothesis. Biallelic inactivation of *TSC1* or *TSC2* may not be necessarily required in some TSC-related tumours ([@DDN098C9]). The discrepancy between frequency of *TSC1* mutation and frequency of LOH in the *TSC1* gene region in bladder tumours suggests that haploinsufficiency of *TSC1* may contribute to tumour development in some cases. LOH of chromosome 9 is a particularly frequent event in bladder cancer and to date, *TSC1* is the only gene on 9q found to be mutated in bladder tumours. The contribution of partial loss of *TSC1* to clonal expansion of tumour cells with 9q LOH is unknown, and haploinsufficiency remains a possibility in those bladder tumours with 9q LOH and no *TSC1* mutation. LOH at the *TSC1* locus may accompany another event driving loss of chromosome 9. Deletion of the *CDKN2A* locus at 9p21, which occurs in up to 50% of bladder tumours ([@DDN098C56],[@DDN098C57]), or of an as yet unidentified chromosome 9 tumour suppressor gene, may constitute such a driving force. Loss of one copy of *TSC1* may therefore be an advantageous gratuitous hit or 'passenger event' ([@DDN098C58]).

TSC is not a cancer prone syndrome and TSC lesions very rarely progress to malignancy. That TSC patients do not have an increased risk of developing bladder cancer, or other sporadic cancers, may be explained by the requirement of cumulative genetic insults and the typically late onset of malignant disease. The timing and order of initiating and subsequent genetic events in hamartoma and bladder tumour development is likely to be critical in determining malignant potential. Why *TSC1* appears to be involved in bladder cancer and not other epithelial cancers is an unresolved question.

Frequent LOH of 9q is found in other tumour types, including ovarian carcinoma, gallbladder carcinoma, nasopharyngeal carcinoma and non-small cell lung cancer ([@DDN098C59]--[@DDN098C65]). However, reports of *TSC1* and *TSC2* mutation status in sporadic tumours other than bladder are very few. No mutations were observed in sporadic glial and glioneuronal tumours or renal cell carcinomas ([@DDN098C66],[@DDN098C67]). Fifty-three and 39% of lung adenocarcinomas and precursor lesions, respectively, were found to have LOH of 9q ([@DDN098C68]). Subsequently, a screen of 47 lung adenocarcinomas identified three confirmed *TSC1* mutations. However, LOH and mutations were not detected simultaneously ([@DDN098C69]).

In ovarian carcinoma, gallbladder carcinoma, nasopharyngeal carcinoma and lung adenocarcinoma, LOH or deletion is described in both TSC gene regions ([@DDN098C63],[@DDN098C68],[@DDN098C70],[@DDN098C71]). If loss of TSC1/2 complex function is the pathogenic effect of loss of TSC1, it may be expected that bladder tumours would also show loss of TSC2 function. In an LOH screen of 16p, we have detected LOH for markers at the *TSC2* locus in 16% of bladder tumours (Platt *et al*., in preparation). It will be important to screen for mutations in the retained copy of *TSC2* in cases with LOH to determine whether there is also an involvement of TSC2 or whether there is an important independent role of TSC1 in urothelial cells.

MATERIALS AND METHODS {#s4}
=====================

Plasmids {#s4a}
--------

TSC1 (nucleotides 123--3757 with respect to Ensembl sequence ENST00000298552) was amplified from TERT-NHUC cDNA using the Advantage cDNA PCR kit (Clontech, Saint-Germain-en-Laye, France) and TSC1 FWD (GAAACTGAAGTACCAGTTGT) and REV (GCAAGTTAACACTGATTGACCATC) primers. TSC1 was cloned in-frame with a C-terminal FLAG or GFP tag in the pFB Neo retroviral vector, a derivative of pBABE (Stratagene, Amsterdam, The Netherlands) modified to contain the Neomycin resistance cassette. Missense mutant constructs were generated by site-directed mutagenesis using QuickChange (Stratagene) according to the manufacturer's instructions. All constructs were fully sequenced using the BigDye^®^ terminator cycle sequencing kit version 1.1 (Applied Biosystems, Warrington, UK).

Cell lines {#s4b}
----------

Two urothelial cell lines with loss of function mutations in *TSC1* ([@DDN098C24]) were used in this study. 97-1 is derived from a papillary myoinvasive bladder urothelial carcinoma of grade G1/2 and stage pT1/2 ([@DDN098C72],[@DDN098C73]). 97-1 cells have a homozygous TSC1 2295C\>T mutation causing premature protein truncation at amino acid residue 692. 97-1 were maintained in Ham's F12 medium (Invitrogen, Paisley, UK) with 1% foetal calf serum (FCS), 1% insulin-transferrin-selenium (Sigma, Dorset, UK), 1% MEM non-essential amino acids (NEAA; Invitrogen) and 25 m[m]{.smallcaps} hydrocortisone (Sigma). HCV29 was established from non-malignant ureteric epithelium of a patient with bladder cancer ([@DDN098C74]) and contains a homozygous 384C\>T mutation that is predicted to cause protein truncation at residue Q55. HCV29 were maintained in RPMI-1640 medium supplemented with 10% FCS and 1% L-glutamine. For starvation experiments, cells were washed once in PBS and cultured overnight in medium minus all amino acids (Cancer Research UK Media Production Services).

Retroviral transduction {#s4c}
-----------------------

Phoenix-A packaging cells (ATCC) were maintained in Dulbecco\'s modification of Eagle\'s medium (DMEM) supplemented with 10% FCS and 1% L-glutamine. Phoenix-A were transfected by incubation with 1 µg of retroviral plasmid DNA in 3 µl siPort XP-1™ (Ambion, Huntingdon, UK) transfection agent in 100 µl PBS for 24 h. Virus supernatant was harvested at 48 h post-transfection. Second and third harvests were taken subsequently at 24 h intervals. Virus supernatant was passed through a 0.45 µM filter (PALL, Portsmouth, UK) and was either snap frozen as 1.5 ml aliquots at --80°C or used immediately. Supernatants were diluted 1:1 with target cell line normal growth medium and supplemented with 8 µg/ml polybrene (Sigma). Target cells were infected at 50% confluence by overnight incubation in virus-containing medium, and were cultured for a further 24 h in full growth medium before beginning selection.

Primary and immortalized normal human urothelial cells {#s4d}
------------------------------------------------------

Primary normal human urothelial cells (NHUC) were isolated from samples of normal ureter collected during nephrectomy or bladder reconstruction surgery at St James's University Hospital, Leeds as described ([@DDN098C75]). Immortalized NHUC (TERT-NHUC) were generated by transduction of primary cells with the human telomerase reverse transcriptase (*TERT*) gene ([@DDN098C76]). Both primary and immortalized cells were maintained in PromoCell keratinocyte growth medium 2 (PromoCell, Heidelberg, Germany) containing 0.09 m[m]{.smallcaps} CaCl~2~ and supplemented with 30 ng/ml cholera toxin.

Western blotting {#s4e}
----------------

Sub-confluent cells were washed once in ice-cold phosphate buffered saline (PBS) and lysed in RIPA buffer containing 0.1% protease and phosphatase inhibitor cocktails (Sigma). Cell debris was pelleted by centrifugation at 12 700 g for 10 min at 4°C. Protein was quantified using the BIO-RAD protein assay (Bio-Rad Laboratories, Hemel Hempstead, UK) and samples analysed by SDS--PAGE. Proteins were immobilized onto Hybond-C nitrocellulose (Amersham Biosicences, Little Chalfont, UK) by semi-dry electrophoretic transfer. Blots were blocked in 3% non-fat dried milk in Tris buffered saline (TBS) (0.05 M Tris; 138 mM NaCl; 2.7 mM KCl; pH 7.6) 0.1% \[v/v\] Tween 20 (Sigma) for 30 min at RT with orbital shaking. Primary antibodies were diluted in 5% BSA (Sigma) in TBS 0.1% \[v/v\] Tween 20 and blots probed for 1 h at RT or overnight at 4°C with orbital shaking. Blots were washed for 5 × 5 min in \>4 ml/cm^2^ TBS 0.1% \[v/v\] Tween 20 with orbital shaking between primary and secondary antibody incubations and before developing. Secondary HRP-conjugated antibodies were diluted in 3% non-fat dried milk in TBS 0.1% \[v/v\] Tween 20 and blots probed for 1 h at RT or overnight at 4°C with shaking. Horseradish peroxidase (HRP)-labelled antigen was detected by chemiluminescence using ECL Plus western blotting detection reagent (Amersham). Primary antibodies used were anti-TSC1 (Invitrogen, Paisley, UK) at 1:1000, anti-TSC2 C-20 (Santa Cruz Biotechnology, CA, USA) at 1:500, anti-ribosomal phospho-S6 Ser235/6 (Cell Signaling Technology Inc., Danvers, MA, USA) at 1:3000 and anti-α tubulin (Serotec, Kidlington, UK) at 1:500.

RNA extraction {#s4f}
--------------

RNA was made using the RNeasy™ kit (Qiagen, Crawley, UK) according to the manufacturer's instructions. DNase treated RNA was purified by RNeasy column purification and eluted in RNase free water. RNA was reverse transcribed into first-strand cDNA using SuperScript™ II reverse transcriptase and Oligo-dT primers (Invitrogen) according to the manufacturer's instructions.

Real time RT--PCR {#s4g}
-----------------

Quantitation of RNA transcripts was performed by SYBR Green assay (Applied Biosystems). In each reaction 12.5 µl SYBR Green reagent was combined with 1 µl cDNA and 750 nM each of TSC1 27 FWD (CAGTCAGGTTTCCCAAAAGC) and TSC1 84 REV (GAGTTCTTGAACAGGCAGCTG) in a volume of 20 µl. Cycle parameters were initialization at 50°C for 2 min, incubation at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s, 60°C for 1 min and 95°C for 15 s. The SDHA (succinate dehydrogenase complex, subunit A, flavoprotein) gene transcript was amplified using primers SDHA FWD; TGGGAACAAGAGGGCATCTG and REV; CCACCACTGCATCAAATTCATG as an internal control for each sample. Test and control reactions were performed in triplicate and average Ct values normalized to expression levels of uncultured urothelium or low passage cultured NHUC. PCR reactions and analyses were done on the ABI PRISM 7700 Sequence Detector (Applied Biosystems).

RT--PCR amplification of wild-type and missense mutant *TSC1* transcripts {#s4h}
-------------------------------------------------------------------------

TSC1 fragments spanning exons 2--5 and 2--9 were amplified from *TSC1* 104C\>G and 314A\>G mutant tumour cDNA, respectively, in a reaction comprising 1 µg cDNA template, 0.625U AmpliTaq Gold, 1 × Gold PCR Buffer, 2.5 m[m]{.smallcaps} MgCl~2~, 200 µM each of dATP, dCTP, dGTP and dTTP and 300 nM of each primer (TSC1 1F; GAAACTGAAGTACCAGTTGT and TSC1 1R; GCTTGAGAGAGCTTATGCTT or TSC1 2R; GCACACTCGATCACAACATC) in a 25 µl volume. Cycling conditions were 95°C for 5 min, 25 or 35 cycles of 95°C for 40 s, 56°C for 40 s and 72°C for 1 min followed by an extension step of 72°C for 10 min. Amplification of an approximately 900 bp HPRT (hypoxanthine phosphoribosyl transferase 1) gene fragment served as a positive control (reactions conditions were as previously except for use of primers HPRT FWD; GACACTGGCAAAACAATGCA and REV; CTTCGTGGGGTCCTTTTCACC).

Fluorescence imaging {#s4i}
--------------------

Cells were seeded onto IbiTreat tissue culture-treated, highly optically clear plastic µ-dishes (Thistle Scientific, Glasgow, UK). Cells were imaged using an inverted Zeiss AxioPlan microscope with Zeiss oil-immersion objective lenses and an excitation/emission filterset optimized for GFP. Images were captured using Ludl shutters and a Hamamatsu ORCA II ER camera linked to a computer running Volocity (Improvision, Coventry, UK).

Immunohistochemistry {#s4j}
--------------------

Paraffin wax-embedded bladder tumour biopsies were assessed for TSC1 expression by immunohistochemistry using the streptavidin/peroxidase method. Sections were dewaxed in xylene and rehydrated through graded ethanols then endogenous peroxidase activity blocked in 3% hydrogen peroxide. Antigen retrieval was done by pressure-cooking in 0.01 M citric acid buffer, pH 6.0. Slides were blocked in avidin/biotin solutions (Vector Laboratories) followed by normal goat serum (1:10), then incubated with TSC1 primary antibody (Epitomics; Insight Biotechnology, Wembley, UK) at 1:100 overnight. Slides were then incubated with goat anti-rabbit biotinylated secondary antibody (Dako Cytomation, Glostrup, Denmark) at 1:400 for 30 min. Antibody binding was visualized using 3,3′diamino-benzidine tetrahydrochloride (DAB, Vector Laboratories) according to the manufacturer's instructions. Finally, sections were counterstained with haematoxylin, dehydrated, cleared and mounted.

Protein stability measurements {#s4k}
------------------------------

Turnover of exogenous TSC1 protein was investigated by inhibition of protein synthesis by cycloheximide (Sigma) treatment. Cells were grown to sub-confluence in full growth medium and treated with cycloheximde at 100 µg/ml or DMSO vehicle alone for up to 24 h. Proteasome dependence of TSC1 turnover was determined by co-treatment with 40 µM MG-132 (Biomol, Exeter, UK) or DMSO vehicle.

For ^35^S pulse chase labelling, 97-1 wild-type and mutant TSC1 cell lines were incubated for 45 min in 1 ml Ham's F12 minus Cys/Met (Cancer Research UK Media Production Services) containing 1% dialysed FBS (Sigma) and supplements. Cells were labelled with 250 µCi/ml ^35^S Pro-mix (Amersham) for 45 min. Cells were washed with 2 ml warm PBS and chased in Ham's F12 complete medium (Invitrogen), supplemented with 2 m[m]{.smallcaps} methionine (Sigma) and 2 m[m]{.smallcaps} cysteine (Sigma). Cell lysates were prepared in RIPA lysis buffer and clarified by centrifugation. Supernatants were incubated with 1.25 µg mouse anti-TSC1 IgG1 antibody (Invitrogen) for 1 h at 4°C with rotation. Immuno-complexes were precipitated with 50 µl protein-G sepharose incubated overnight at 4°C. Beads were washed in 1 ml ice-cold RIPA buffer and re-suspended in 80 µl 2 × SDS buffer. Samples were analysed by SDS--PAGE and autoradiography.

SUPPLEMENTARY MATERIAL {#s5}
======================

[Supplementary Material is available at HMG Online](http://hmg.oxfordjournals.org/cgi/content/full/ddn098/DC1).
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